The National Biosolids Research Program (NBRP) was established by the CSIRO Centre for Environmental Contaminants Research in 2002 in order to coordinate research relating to the benefits and risks of using biosolids for Australian agriculture. Prior to the establishment of the NBRP, research on biosolid use in agriculture had been concentrated in one state (New South Wales), with pockets of uncoordinated activity in other states. The NBRP is a coalition of seven research agencies around Australia, with support from several metropolitan and regional water authorities, and from several state environmental and natural resource management agencies. In terms of potential environmental risks, the NBRP initially concentrated on metals and focussed field experimentation on cadmium, copper and zinc. The research has subsequently moved onto examining potential risks from pathogens, pharmaceuticals, endocrine disrupting compounds and personal care products. As well as potential risks, the benefits of nutrients and organic matter in biosolids on crop growth are also being assessed, with various cropping systems around Australia being evaluated.
INTRODUCTION
Australia has had a long history of research examining the benefits and risks of using biosolids in agricultural systems. Australian soils are naturally infertile, and Australian farmers purchase large quantities of nitrogen (N), phosphorus (P), sulphur (S), potassium (K), copper (Cu), manganese (Mn) and zinc (Zn) in order to boost crop and animal production. Biosolids contain all the above elements, and hence interest in the use of biosolids to improve soil fertility has been high.
The first research examining issues related to biosolids in agricultural production, and possible environmental effects, were undertaken by CSIRO Division of Soils in the 1970's by Dr Kevin Tiller's group (De Vries and Tiller 1978) . This period coincided with developments in analytical chemistry which allowed more accurate determination of trace metal concentrations in soils and plants, so the focus of the research was crop uptake of potential toxic metals by plants.
In the 1980's there were a few research investigations of biosolid use on land, often driven by individual researcher interests (Jakobsen and Willett 1986; Dann et al. 1989 ) but a major program of biosolid research commenced in the 1990's focussed in New South Wales (NSW), coordinated by the state agriculture agency (New South Wales Agriculture, now New South Wales Department of Primary Industries) and supported by the major producer of biosolids in NSW, Sydney Water. The research initiative was driven by concerns that guidelines for biosolid use in agriculture from other countries would not be applicable to Australian agricultural systems in that State (Whatmuff and Osborne 1992) . New South Wales has large areas of acidic light-textured soils, with low organic matter content and low cation exchange capacities (CEC). These characteristics all increase the risk of adverse effects of metals being expressed. Poor physical characteristics of these soils also increased the risk of nutrient and pathogen runoff into surface water supplies. Hence, local research was needed to determine if biosolid use was safe. The program also included studies on the accumulation of applied metals by grazing livestock as well as the survival of various parasitic and pathogenic organisms (e.g. Eamens et al. 2006) . As a result of this research program, New South Wales was the first state in Australia to produce biosolid guidelines (NSW EPA 1997) and other states in Australia basically used these as a template to produce their own state-based guidelines with minor differences, and current Australian national biosolid guidelines are also using the NSW guidelines as a basis.
Current guidelines for controlling nutrients, pathogens and contaminants in land use application programs for biosolids vary only marginally between states in Australia. These are basically a mixture of biosolid grading, maximum soil concentrations and maximum loading rates. A selection of the NSW Guidelines for metal and metalloid contaminants is shown in Table 1 . Nutrient guidelines are focussed mainly on N, although Western Australia has limits on biosolid applications based on P (due to concerns for water quality and P leaching/runoff). Nitrogen applications in biosolids are controlled by considering the crop requirements for N and the available N and mineralisable N in the biosolids. Available N is assumed to be all nitrate-N and onefifth of the ammonium-N (to account for volatilisation losses). Mineralisable N is assumed to be 10-25% release of the organic N in the first year after application depending on treatment process (NSW EPA 1997). In the late 1980's and 1990's concern for soil and food quality grew in Australia due to local exceedances of food quality standards for cadmium (Cd) for certain crops (Bureau of Rural Resources 1988; Jinadasa et al. 1997 ) and the conflicting reports in the scientific literature of the level of protection offered by current biosolid guidelines (McBride 1998; McGrath et al. 1994) . It was also recognised that data on risks due to metals in biosolids was restricted to a few sites in New South Wales, and Australia had little evidence to confirm that these relationships would be adequate across the diverse range of soils and cropping systems in Australian agriculture. It was under this climate that the National Biosolids Research Program (NBRP) was formed.
Establishment of the National Biosolids Research Program
The NBRP was established by the CSIRO Centre for Environmental Contaminants Research (www.clw.csiro.au/cecr/) in 2002 in order to coordinate research relating to the benefits and risks of using biosolids in agriculture. The NBRP is a coalition of seven research agencies around Australia, with support from several metropolitan and regional water authorities, and from several state environmental and natural resource management agencies. In terms of potential environmental risks, the NBRP initially concentrated on metals and focussed field experimentation on Cd, Cu and Zn. Cadmium contamination of agricultural soils has become increasingly important in recent years due to increased public awareness and concern for food and land quality. Cadmium residues in foods are regularly monitored by both national and international agriculture and health agencies. Copper and Zn were also selected for study as these elements are at relatively high concentrations in the biosolids and concern has been expressed that these may affect soil microbial health (Giller et al. 1999) . The research has subsequently moved onto examining potential risks from pathogens, pharmaceuticals, endocrine disrupting compounds and personal care products. As well as potential risks, the benefits of nutrients and organic matter in biosolids on crop growth are also being assessed, with various cropping systems around Australia being evaluated.
METHODOLOGY
A key advantage of the NBRP approach is that laboratory and field experimentation have a common experimental design, and analyses are shared between the research partners, allowing integration of the data and extrapolation to a wide range of soil and crop environments. Seventeen field sites were established ( Figure  1) , with production systems varying from sub-tropical sugar cane production in northern Australia to Mediterranean dryland cereal production in the south. Plots were established which received increasing rates of both urban biosolids (triplicate) and soluble metal salts (replicated 2-4 times depending on metal). Sixteen sites were amended with biosolids and twelve were amended with metal salts. Biosolid rates applied were based on the Nitrogen Limited Biosolid Application Rate (NLBAR) which is the amount of biosolids that can be added to a soil so there is no net accumulation of mineral nitrogen after one year (i.e. the amount of mineralisable nitrogen added to the soil by the biosolid addition is equal to the amount taken up by the crop in one year). All biosolid field trials consisted of eight treatments -a control (un-amended soil), a fertilizer control (according to normal farmers practise), 0.25, 1, 1.5, 3 and 4.5 NLBAR as a single application in time and a 1.5 NLBAR per year repeat application over 3 years. Metal salts and biosolids were added once to the plots at the start of the experimental program. Rates of Cd added to soil were designed to produce a range of soil solution Cd concentrations up to 250 nM, determined by laboratory Cd sorption data. Note that these rates were well below those which could lead to toxicity to plants or soil organisms (McGrath 1999) , and were designed to provide sufficient Cd to lead to crop Cd accumulation up to, and exceeding, current food limit values (see below). Copper and Zn salts were added at 11 rates in duplicate at each of the 12 sites. The concentrations of Cu and Zn added were based on the results of laboratory-based toxicity tests and selected so that the effects on plants and soil microbial processes would range from no effect through to 100% lethality. The sites spanned a diverse range of climates, from tropical to Mediterranean, and with soils having a wide range of physico-chemical characteristics ( Table 2) . Because of these site differences, the range of metal concentrations used differed at each field site. 
Various crops were grown on the plots depending on local agronomic and climatic conditions -wheat, barley, triticale, canola, grasses, clover, peanuts, sorghum, maize, millet, sugar cane and cotton. Crops were grown using best agronomic practices, harvested, and then edible portions of crops separated, dried, and after acid digestion, metal concentrations in plant shoots and/or edible portions were determined.
Soil samples were taken from under the crop immediately after each crop harvest each year. All soil samples were analysed for total metals and a range of chemical and physical characteristics. Each year, soil pore waters were also extracted and pH, EC and metal concentrations in solution were determined. The food chain risk of biosolid Cd was determined by developing critical soil concentrations at which crop Cd concentrations were predicted to exceed the maximum level in Australia as prescribed by the Australian Food Standards Code (FSANZ, 2005) . The detailed methodology for this is outlined in McLaughlin et al. (2006) .
The functioning of soil microorganisms in relation to C and N cycling was also assessed using two microbial function assays -substrate induced respiration, and substrate induced nitrification. Critical soil concentrations of Cu and Zn at which these microbial functions are affected were determined for each site and toxicity was assessed in relation to soil properties. The detailed methodology is given in Broos et al. (2007) . At selected sites, mineralisation and movement of biosolid-N was assessed and mass balances of N and P were calculated.
NBRP RESULTS TO DATE
The NBRP has amassed a huge body of data on the behaviour of biosolids in Australian agricultural broadacre cropping systems, and outcomes from the initial phases of the experimental program are now being realised. These are grouped below into three areas: metals, nutrients and trace organics/pathogens.
Metals -cadmium
Solubility of Cd from biosolids was surprisingly high compared to soluble Cd salts as evidenced from quite similar partitioning of Cd between soil and soil solution phases across all the sites and biosolids (McLaughlin et al. 2006) . Previous scientific literature from USA had suggested that biosolid Cd would be much less available than Cd salts (Hettiarachchi et al. 2003 ), but we did not observe this in our trials which included a wide range of biosolids and soil types. The reasons for these differences compared to overseas data are unclear at present and are the subject of ongoing research Cadmium uptake by crops varied across soils/biosolids -some soils had low grain Cd accumulation and others high at similar soil Cd concentrations, indicating that a single protective maximum soil concentration is problematic. Grain Cd concentrations in crops grown on biosolids-amended soils were well below the current Australian food standard of 0.1 mg Cd/kg (wheat and peanuts), even when applied at rates well in excess of crop N requirements. This suggests that Cd food chain risks in well managed biosolids land application programs are likely to be minimal provided maximum soil Cd concentrations are not exceeded in the long term.
A relationship was developed to predict the critical soil Cd concentration varying across soils according to soil pH and clay content (McLaughlin et al. 2006) . Cadmium from biosolids was less available to crop grains than Cd from soluble salts. Using the relationship between soil and crop grain Cd concentration, and the assessment of biosolid Cd availability, critical Cd concentrations in soil were interpolated (McLaughlin et al. 2007) , and the effect of soil type on the critical Cd concentration determined (Table 3) . Table 3 . Suggested maximum permitted Cd concentrations in soils receiving biosolids to ensure wheat grain would not exceed Australian Cd food standards (from McLaughlin et al. 2007 ).
Metals -copper and zinc
Critical concentrations for Cu and Zn in soil to protect microbial function varied markedly across soil types (similar to Cd), with critical total soil concentrations varying up to 80-fold -full details of the results are given in Broos et al. (2007) . The differences in both Cu and Zn toxicity across the soils were not explained by considering measures of available metal commonly used by researchers i.e. soil solution metal concentrations, or CaCl2-extractable metal concentrations. Critical soil concentrations were assessed in a similar way to Cd, relating critical soil concentrations derived at each site from the toxicity studies with metal salts to soil physicochemical properties. Soil pH, CEC and clay content were found to significantly affect critical concentrations for metal toxicity, and a table outlining the range of critical concentrations as a function of soil properties is currently being prepared. Critical soil concentrations for Cu and Zn phytotoxicity were also found to vary markedly across soils, for grain yield of wheat by up to 40 fold. Soil pH, CEC and organic matter content have been found to explain the variation in critical soil metal concentrations for phytotoxicity. These data are currently being prepared for scientific publication, and for calculation of soil-dependent critical soil concentrations.
Nutrients
Application of biosolids had a positive effect on crop yields at most sites, with the main benefit from the biosolids being due to additions of N and P. Estimated benefits of applying biosolids varied from nil up to A$1300/ha dependent on soil type and cropping system . Detailed examination of nutrient behaviour in soil was focused on sites in Queensland (N and P) and in Western Australia (P). Mass balances of nutrients applied in biosolids indicated only a small proportion of the applied nutrients would be removed in harvested produce. Significant losses of N from soils were observed at some sites, both through leaching and probably through gaseous N losses also (this was not confirmed directly, but by inference from incomplete mass balances). Rates of biosolid N mineralization observed under sub-tropical conditions were much greater than the 10-25% assumed in current state and national biosolid guidelines. In Queensland sites mineralisation rates averaged 55-60% of the applied organic N in the first 6-9 months after biosolids application, with at least 30% (and in some cases 60%) of the applied organic N mineralised within the first 6-8 weeks after incorporation. These results indicate a need to further examine nutrient release characteristics of biosolids under a range of Australian conditions. Total P loadings (>400 kg P/ha) from applying biosolids at agronomic N rates were well in excess of standard fertiliser applications in Australia (20 -40 kg P/ha) and data showed that 90-95% of P in biosolids was in the inorganic form, confirming previous research in this area (see review by Hedley and McLaughlin, 2005) . About 20% of the inorganic P forms appeared to be immediately available to plants.
Organic contaminants and pathogens
This aspect of the work program only commenced fairly recently, and a screen of concentrations of organic contaminants, including pharmaceuticals, in Australian biosolids is underway. Pathogen survival, regrowth and possible transfer to broadacre crops grown in soils amended with biosolids are being investigated under field conditions.
SCIENTIFIC AND REGULATORY COMMUNICATION
Scientific outcomes from the NBRP have been mainly been communicated in conference papers and presentations to date, although a series of scientific papers will be published on various aspects of the research findings. Results on food chain Cd risks and microbial ecotoxicity have just been published in scientific journals (McLaughlin et al. 2006; Broos et al. 2007) , and several more scientific papers are in the process of publication. An important aspect of scientific publication is peer review of the results and interpretation, so that more confidence is gained by regulators and industry in using the outcomes for changing regulatory or management practices.
Regulatory outcomes from the NBRP have yet to be realised, due to the current need to analyse interpret and publish the large amount of data gained. The current focus of NBRP is on data analysis, peer review of findings, and preparation of a regulatory position paper outlining options for improvement of current biosolid guidelines. Direct communication of the findings to state and national regulatory agencies is planned for 2007.
CONCLUSIONS
The NBRP has been a very successful collaborative research program to examine the benefits and risks of use of biosolids in broadacre crop production in Australia. A key component of the success of the program was a network of enthusiastic and committed researchers in state nodes to manage the local agronomic and laboratory research programs in each state. Another key factor in the success of the program was a common core experimental design at all sites, with the option to tailor research in each node to local environment or grower/industry concerns.
